Though remarkably robust, articular cartilage becomes susceptible to damage at high loading rates, particularly under shear. While several studies have measured the local static and steady-state shear properties of cartilage, it is the local viscoelastic properties that determine the tissue's ability to withstand physiological loading regimens. However, measuring local viscoelastic properties requires overcoming technical challenges that include resolving strain fields in both space and time and accurately calculating their phase offsets. This study combined recently developed high-speed confocal imaging techniques with three approaches for analyzing time-and location-dependent mechanical data to measure the depth-dependent dynamic modulus and phase angles of articular cartilage. For sinusoidal shear at frequencies f ¼ 0.01 to 1 Hz with no strain offset, the dynamic shear modulus jG*j and phase angle d reached their minimum and maximum values (respectively) approximately 100 lm below the articular surface, resulting in a profound focusing of energy dissipation in this narrow band of tissue that increased with frequency. This region, known as the transitional zone, was previously thought to simply connect surface and deeper tissue regions. Within 250 lm of the articular surface, jG*j increased from 0.32 6 0.08 to 0.42 6 0.08 MPa across the five frequencies tested, while d decreased from 12 deg 6 1 deg to 9.1 deg 6 0.5 deg. Deeper into the tissue, jG*j increased from 1.5 6 0.4 MPa to 2.1 6 0.6 MPa and d decreased from 13 deg 6 1 deg to 5.5 deg 6 0.2 deg. Viscoelastic properties were also strain-dependent, with localized energy dissipation suppressed at higher shear strain offsets. These results suggest a critical role for the transitional zone in dissipating energy, representing a possible shift in our understanding of cartilage mechanical function. Further, they give insight into how focal degeneration and mechanical trauma could lead to sustained damage in this tissue.
Introduction
The surface of every long bone is covered by a protective layer of articular cartilage comprised of a fluid-saturated network of cross-linked collagen fibers interspersed with cells and charged proteoglycans. Both the structure and composition of this network are known to vary with depth z from the articular surface [1] [2] [3] [4] . For example, collagen fibril alignment is parallel to the surface in the superficial zone (z < 100 lm), random in the transitional zone (100 < z < 500 lm), and, for mature tissue, perpendicular to the bone-cartilage interface in the deep zone (z > 500 lm). Like collagen orientation, collagen content, proteoglycan concentration, and cell shape also depend strongly on depth. More recently, it was shown that this variation in zonal architecture produces significant variation in the cartilage modulus [5] . For example, shear measurements have demonstrated that cartilage is an order of magnitude more compliant near the surface than in deeper regions [6] [7] [8] . However, to date, such studies of the local mechanical properties have focused on static or steady state behavior and do not give insight to the time-dependent response.
Studies of bulk or average mechanical properties have shown that time-dependent behavior of cartilage in compression and shear arise from poroelastic/biphasic and flow-independent viscoelastic effects, respectively [9] [10] [11] . These investigations demonstrated that, for frequencies between 0.01 Hz and 1000 Hz, the shear modulus varies by nearly a factor of five, indicating a significant dissipative response. Whether this dissipative response is distributed evenly throughout the tissue or is concentrated in specific regions remains poorly understood. Resolving this question is particularly important, given the fact that diseases, such as arthritis, initiate in focal regions. If variations in tissue properties are highly concentrated, then local damage has the potential to disproportionately affect tissue function. As such, determining whether the dynamic shear response of the tissue varies with depth is vital for understanding the initiation and progression of such diseases.
Measuring the local viscoelastic behavior of cartilage is considerably more challenging than the static or steady state measurements reported previously, since, in addition to the dynamic shear modulus jG*j, the local phase angle d must be measured as well. Since d can be as low as a few degrees, according to bulk measurements on cartilage explants [11] , resolving this parameter to within tens of microns requires recently developed, state-of-theart techniques for high-resolution tissue strain mapping, synchronized measurements of both force and strain, and procedures for careful differentiation of the resultant data. In addition, obtaining location-dependent dynamic modulus and phase angle profiles requires analytical tools for extracting viscoelastic parameters from time-dependent measurements of local deformation. Because deformation in a heterogeneous, viscoelastic material varies both spatially and temporally, a number of approaches can be used to calculate location-dependent values of jG*j and d. In particular, viscoelastic properties can be extracted from the time-dependent deformation at a given depth, from the depth-dependent deformation at a given time or from the location-and timedependent stress-strain curve.
Here, we have implemented these tools and approaches to map jG*(z)j and d(z) in articular cartilage sheared over a wide range of frequencies (0.01-1 Hz). Using these newly developed techniques, we have found that the region of tissue that is most compliant is also the most viscous. This confluence of properties results in a profound focusing of shear energy absorption in a narrow band of tissue just below the articular surface, suggesting a novel and important mechanical role for this region.
Materials and Methods
Sample Preparation. Cylindrical explants 6 mm in diameter with thickness L 0 ¼ 3-4 mm along the long (depth) direction were harvested from the patellofemoral groove of 15 1-3-day-old calves using a biopsy punch. In accordance with previous studies [6, 12] , during dissection, each explant was detached from the bone with a scalpel blade, thereby ensuring that the bottom surface connected to the load cell was plane parallel with the articular surface. Six explants were designated for shear testing at f ¼ 0.01, 0.1, and 1 Hz with an initial shear strain c i of 0%, four were designated for testing at f ¼ 1 Hz with c i ¼ 0% and 12%, and five were designated for confocal reflectance imaging (see below). After dissection, cartilage plugs were stored in phosphate-buffered saline (PBS) supplemented with 100 U/mL penicillin and 100 lg/mL streptomycin at room temperature for less than 24 h. This protocol is consistent with prior literature that shows little to no change in mechanical behavior of fresh cartilage up to 72 h [13] . Before mechanical testing, each specimen was bisected along its long axis into two equally sized hemicylinders and placed into PBS with 7 lg/mL 5-dichlorotriazinylaminofluorescein (5-DTAF) for 2 h. 5-DTAF is a fluorescent dye that binds to amines in proteins. It fully stains the extracellular matrix of articular cartilage.
Mechanical Testing. One hemicylinder from each cartilage plug was tested in a tissue deformation imaging stage (TDIS) with sandblasted glass-shearing plates [6, 12, 14] (Fig. 1) . The articular surface was adjacent to the actuated or moving shearing plate, while the deep zone was glued to the stationary shearing plate. The stationary shearing plate was attached to a leaf spring with a known spring constant. Displacements of this shearing plate were used to calculate the shear stress s. After loading the sample and adjusting the axial compression e c to 20%, five lines separated by 50 lm were photo-bleached along its long (depth) axis as described previously [12, 15] . The sample was then imaged under 20X magnification with a Zeiss LSM 5 Live microscope as it was sheared sinusoidally at a frequency f ¼ 0.01, 0.1, or 1 Hz with a shearing plate absolute amplitude of 16 lm. The applied compressive strain (20%) and friction with the sandblasted glass prevented slip at the actuated plate (as verified optically). Since phase angle calculations are highly sensitive to noise, long sequences of 1000 images 317 Â 317 lm in size were taken at each of 10 tile locations along the sample and stitched together. For each frequency, the imaging rate was chosen such that 100 images were obtained for each oscillation cycle. After testing, each sample was imaged across its cross-section to determine its area A.
To measure the arrangement of collagen in loaded and unloaded tissue, cartilage samples were imaged using highresolution confocal reflectance, a modality commonly used to visualize collagen in gels and tissues [16] . Unstained hemicylinders from bisected explants were loaded into the TDIS and imaged with a Zeiss LSM 710 microscope in reflectance mode using a 488-nm laser for illumination. Samples were compressed by 20% and imaged under 0% and 12% shear strain. Aspect ratios and characteristic angles of the Fourier transform of each confocal micrograph were measured to quantify fibril alignment.
Theory and Data Analysis. Three separate approaches were considered to calculate the depth-dependent viscoelastic tissue properties from the acquired images. In all approaches, sample displacement u(z,t) relative to the undeformed state along the direction of deformation was first determined by tracking each of the photobleached lines using an image analysis algorithm described previously [12] . t ¼ 0 was taken as the time the tissue first reached its maximally deformed state, and depth z ¼ 0 was taken as the articular surface. The time-dependent displacement of the stationary shearing plate was converted to a force F(t) using the known stiffness of the leaf spring, and the applied stress s(t) (assumed to be depth-independent) was calculated from the sample area as s(t) ¼ F(t)/A. Samples were cut to ensure that A did not vary with depth. To determine the amplitude and phase of the stress, s(t) was then fit to a cosine function according to
where the phase angle d s was calculated relative to the displacement of the moving shearing plate at z ¼ 0.
In the first two approaches (Fig. 2) , c(z,t), the local shear strain in the sample was obtained by direct numerical differentiation of u(z) at all times t. The strain c(t) at each depth z was either fit with a periodic function to determine the local dynamic shear modulus, phase angle, and other viscoelastic properties (approach #1) or used to construct Lissajous plots of s versus c (Fig. 3 ) that enabled direct extraction of the local modulus, phase angle, and dissipated energy (approach #2). In the third approach (Fig. 4) , u(z,t) was first fit at each depth z with a cosine function. Functions of the fit parameters were then differentiated with respect to h ¼ L 0 À z to determine jG*(z)j, d(z), and, ultimately, the energy absorbed during each cycle.
Approach #1. c(z,t), the local shear strain in the sample as a function of time, was calculated by numerically differentiating the displacement profile u(z) (with respect to height h ¼ L 0 À z) at each time point t using five-point linear least squares fitting (5PLSQ). At each depth z, the resulting curves were fit to the function
where d g was measured relative to the displacement of the moving shearing plate at z ¼ 0. The local dynamic shear modulus was computed using the expression 
while the local phase angle d(z) of the stress with respect to the strain was computed using
Finally, the energy dissipated per cycle per unit volume at a depth z was calculated from the expression
Approach #2. c(z,t), the local shear strain in the sample as a function of time, was determined by numerically differentiating the displacement profile u(z) with respect to height h ¼ L 0 À z at each time point t. Lissajous curves were obtained by plotting the measured stress s(t) versus c(t) at each depth z. Each Lissajous plot was fit to an ellipse of the form
using the Taubin algorithm [17] . The complex shear modulus jG*(z)j is equal to the slope of the major axis of the ellipse [18] and was obtained from the expression Fig. 2 Flow diagram of approaches #1 and #2 for determination of viscoelastic mechanical parameters from the measured displacement u(z,t). Approach #1 involves sinusoidal fitting of the calculated strain c versus time t at each depth z, while approach #2 involves elliptical fitting of c versus stress s for all z. All plotted data is from a representative sample sheared at f 5 1 Hz with c i 5 0%.
The phase angle between the stress and the strain was determined using
where c max and cj s¼0 were calculated from Eq. (6). Finally, the energy dissipated per cycle per volume is given by the area in between the ellipse, which was computed according to where a 0 and b 0 are the major and minor axes lengths of the fitted ellipse and are given by
Approach #3. At each depth z, u(t) was fit to a cosine curve of the form
in order to determine the displacement amplitude u 0 (z) and the displacement phase angle d u (z), where d u (z) is defined relative to the shearing plate at z ¼ 0 lm. For a shear stress s that is uniform with z, c 0 (z), the shear strain amplitude, is given by vector sum of the real and imaginary components of the strain
while d c (z), the phase angle of the strain relative to the displacement of the shearing plate, is given by
In the limit where d u (z) is independent of z, Eq. (13) 
Results
All three approaches demonstrated that viscoelastic properties of articular cartilage vary dramatically with depth. For example, from approach #2, it is clear that the shape of the stress-strain curve of articular cartilage under shear at f ¼ 1 Hz had a distinct z dependence (Fig. 3(a) ). Far from the articular surface (z ¼ 2128 lm), it was nearly linear, indicative of an elastic response (Fig. 3(b) ). However, near the surface (z ¼ 98 lm), it was elliptical, indicating a phase lag d between the stress and the strain. Similarly, approaches #2 and #3 demonstrated a distinct peak in d(z) roughly 50-150 lm below the articular surface (Fig. 5) . Direct comparison of these methods for calculating jG*(z)j, d s (z), and E d (z)/DV (Fig. 5) shows that, while all approaches revealed similar trends, approaches #1 and #3 yielded nearly identical results and were substantially less noisy than approach #2.
The fundamental difference between the three approaches is that approach #2 involves fitting plots of s versus c, containing raw data on both the x-and y-axes, while approaches 1 and 3 always fit strain c and displacement u plotted over time t, a precisely known quantity. As a result, approach #2 was highly susceptible to noise. Furthermore, while it was accurate for measuring the dynamic modulus jG*j, this approach had a noticeable tendency to overestimate both the phase angle d and energy dissipated E d /DV. While approaches #1 and #3 yielded virtually indistinguishable results, approach #1 involves numerical differentiation of N i curves and fitting of N z curves (where N i is the number of images taken and N z is the number of locations analyzed). On the other hand, approach #3 involves N i sinusoidal fits and numerical differentiation of just two curves (u 0 cosd u and u 0 sind u ). Since N z ) 2, approach #3 is substantially less computationally intensive than approach #1. Therefore, we used approach #3 for the remaining analyses.
All measured mechanical parameters varied significantly with frequency both near the surface and in the bulk (Fig. 6) . Specifically, increasing f from 0.01 Hz to 0.1 Hz or from 0.1 Hz to 1 Hz increased jG*j(z) and
. At all tested frequencies, jG*(z)j exhibited a global minimum near the surface (50 < z < 150 lm) (Figs. 6(a) and 6(b)) and was significantly lower near the surface (z 250 lm) than in the bulk (z > 250 lm). Conversely, d(z) peaked just below the surface, a trend that was more pronounced at high frequencies (Figs. 6(c) and 6(d) ). In particular, d(z) was significantly lower at z > 250 lm than at z 250 lm at f ¼ 0.1 and 1 Hz, but not at 0.01 Hz. For all frequencies,
Ed ðzÞ E tot d was significantly lower at z > 250 lm than at z 250 lm. Furthermore, the energy dissipation profile exhibited a global maximum at 50 < z < 150 lm that was up to 15 times larger than in deeper regions (Figs. 6(e) and 6(f)). Therefore, we define the region within 50 lm < z < 150 lm as the maximal energy absorbing region (MEAR).
Previous studies have demonstrated that the static shear properties of cartilage are shear strain-dependent [6] . Therefore, we examined the effect of shear strain offset on the dynamic properties of this tissue (Fig. 7) . At a frequency of 1 Hz, we found that increasing the shear strain offset from c i ¼ 0% to c i ¼ 12% caused a dramatic flattening of the energy dissipation profile 
7(e) and 7(f)). In particular,
Ed ðzÞ E tot d decreased significantly in the surface region (z 250 lm) and increased significantly in the bulk. This flattening was a result of a local increase in jG*j and decrease in d near the surface (z 250 lm) at the higher shear strain offset (Figs. 7(a)-7(d) ).
Because collagen structure is believed to have a strong influence on shear behavior, we used confocal reflectance microscopy to observe changes in the collagen structure in the presence and absence of prestrain. In compressed samples of articular cartilage imaged under confocal reflectance prior to shear loading (Fig. 8) , the maximal energy-absorbing region (MEAR) (50 < z < 150 lm) appeared as a dim, structurally distinct band just below the brighter superficial zone. Confocal reflectance intensity was lowest at z ¼ 150 lm, nearly the same location where shear energy absorption peaked. With no applied shear strain, collagen fibrils near z ¼ 100 lm were oriented randomly (Fig. 8(c) ), resulting in a symmetric Fourier transform (Fig. 8(d) ). In this configuration, small shear strains can induce bending of the fibrils. However, application of a 12% shear strain offset caused these collagen fibrils to rotate and stretch in the direction of shear (Fig. 8(e) ), generating aligned structures that skew the Fourier transform and increase its aspect ratio considerably (Fig. 8(f) ), especially in the MEAR (Fig. 8(g) ).
Discussion
In this paper, we developed a methodology for measuring the local viscoelastic properties of cartilage under shear for the first time. First, local deformations were mapped by tracking photobleached lines imaged with a high-speed confocal microscope. To extract viscoelastic parameters from the measured deformations, we compared three approaches in which the sequence of numerical differentiation and nonlinear curve fitting was varied. Approach #2 is perhaps the most intuitive, since the target measures can be determined graphically from Lissajous plots (Fig. 3(b) ). However, while all approaches were able to closely resolve the shear modulus profile jG*j, we found that accurate measurements of the phase angle and energy dissipation profiles d(z) and E d (z)/DV required approaches #1 or #3, which involve sequential steps of numerical differentiation and fitting to sinusoidal functions. Note that, since all three approaches involve differentiation of raw data and nonlinear curve fitting, they are highly susceptible to noise and require accurately resolved spatial and temporal data. This is particularly true of the phase angle d, which is as low as 4 deg in deep regions of the tissue and therefore difficult to measure.
Regardless of the approach used, we found that the thin region of cartilage located at a depth 50 < z < 150 lm, known previously to be the most compliant region of tissue, is also the most viscous. That is, the location-dependent phase angle d between stress and strain, measured here for the first time, peaks near z ¼ 100 lm (Fig. 6(c) ). As demonstrated by Eq. (5), articular cartilage is highly effective at absorbing shear energy near the surface, because it is both compliant (low jG*j) and lossy (high d) in this region (Figs. 6(a) and 6(c) ). Additionally, we have found that, unlike under compression [19, 20] , energy dissipation in cartilage under shear is substantially higher than that of the underlying bone (see Appendix 1: Estimate of shear energy dissipation in cartilage relative to bone) and is therefore likely to represent a substantial contribution to in vivo damping of joint vibrations.
This study also reports the first measurements of the frequency dependence of local shear mechanical properties in articular cartilage. As the frequency of deformation increases above 0.01 Hz, the fraction of energy dissipated at low depths increases (Fig. 6(e) ), suggesting that focal shear energy dissipation near the surface is particularly relevant for physiological frequencies (f > 0.1 Hz) and possibly for sudden impacts as well.
While these novel measurements identify the MEAR as a distinct tissue region with unique mechanical properties, they are also consistent with previous bulk mechanical measurements. According to our measurements, jG*j was 2.1 6 0.6 and d was 5.5 6 0.2 at depths greater than 250 lm for f ¼ 1 Hz. Results for the dynamic modulus are consistent with prior investigations that reported jG*j ¼ 1.5 6 0.4 for f ¼ 1 Hz [11] and jG*j ¼ 1.8 for f ¼ 20 Hz [9] . Since both of these studies tested specimens after removal of the superficial zone to facilitate gripping, their findings should be nearly comparable to our results at large depths (z > 250 lm). Our phase angle measurements are slightly lower than the previously reported value of d ¼ 9.4 6 1.8 deg for f ¼ 1 Hz [11] . However, these differences are reasonable, given that the previous study tested specimens in a torsional geometry.
Confocal reflectance images of articular cartilage suggest that the maximal energy absorbing region of cartilage corresponds to the transitional zone sandwiched between the superficial and intermediate zones (Figs. 8(a) and 8(b) ). This area is known to have the lowest concentration of collagen [1] , which accounts for the observed reduction in confocal reflectance intensity. In addition, using differential interference contrast microscopy, chevronshaped discontinuities have been observed in the transition zone (100-300 lm below the articular surface) in compressed specimens of cartilage [21] . These unique features suggest buckling or crimping of collagen fibrils that could be related to the high deformability and dissipative nature of tissue in this region. Therefore, while traditionally thought to exist out of structural necessity, our results suggest that the transitional region between the aligned superficial zone and randomly oriented intermediate zone may serve an important mechanical function: concentrating energy dissipation to protect the joint from damage.
We have also shown that the mechanical properties and physical structure of the MEAR are altered under increasing shear strain (Figs. 8(c)-8(g) ). In particular, the collagen fibrils become more aligned. The collagen network is stiffer in this stretched state [22] , causing the material to resist deformation and absorb less energy. Thus, the capacity of the MEAR to dissipate shear energy is compromised at large shear strains (Fig. 7(e) ), an effect that could explain its susceptibility to shear-induced structural damage during traumatic loading.
One potential limitation of this study is the use of neonatal tissue, known to be more cellular and less organized than mature tissue [23, 24] . However, previous work has demonstrated qualitative similarities in the depth-dependent shear properties of young bovine and adult human cartilage [12] . In addition, previous investigations have tested the shear properties of two samples of articular cartilage articulating against one another with slip [7, 8] . These studies have the advantage of a physiological, low-friction boundary condition with a low coefficient of friction. On the other hand, a sinusoidal sample displacement cannot be induced in such a configuration, nor can the shear stress on the sample be measured. Therefore, our measurements of phase angle and complex modulus would not be possible were slip to occur between the shearing plate and the sample. In addition, as long as the sample strains are the same, our shear configuration should produce local deformations similar to those obtained using the cartilage-on-cartilage shear configuration. A final potential limitation of this study is the assumption of uniform shear stress as a function of depth. Due to boundary effects, nonuniform stresses may develop near the shearing plates. However, according to Saint-Venant's principle, away from the shearing plates, the depth-independent crosssectional area and shear force of each tested specimen imply a uniform shear stress. Moreover, similar tests in our laboratory on homogeneous, fluorescently stained rubber phantoms of equivalent size and shape (data not shown) yielded uniform strain profiles, suggesting that our testing protocol induces negligible boundary-associated stress concentrations within the resolution of our measurements.
The existence of a significant shear-energy absorbing region near the surface of articular cartilage may also have implications for understanding the progression of osteoarthritis. Recent studies have shown that osteoarthritis first manifests itself near the surface of articular cartilage before progressing deeper into the tissue [25] . Damage to the primary shear energy dissipating region (z 250 lm) in the early stages of osteoarthritis would exacerbate the effects of shear stress elsewhere in the tissue and facilitate the progression of the disease. Furthermore, such damage would lead to altered loading on chondrocyte cells deeper in the tissue, an effect that has been shown to promote catabolic activity [26] and, potentially, cell death [27] .
In addition to advancing our understanding of basic cartilage mechanics, these results may also have direct bearing on clinical practices. For example, articular cartilage that has been damaged by injury is often treated by a class of surgical procedures known as cartilage debridement. These may involve the removal of loose debris in the joint, shaving the top section of damaged cartilage to smooth the surface (chondral shaving), or completely abrading a region of cartilage and a thin section of the underlying bone to promote regrowth (subchondral abrasion). The results of this study suggest that, in addition to compromising cartilage integrity and inducing an inadequate healing response [28] [29] [30] , removal of the energy-absorbing surface region could increase susceptibility to shear-induced damage in the rest of the tissue. This hypothesis is supported by studies that have demonstrated that chondral shaving can lead to enhanced cell death in the underlying tissue [28] . Consequently, it may be important for orthopedic surgeons to weigh this effect against the potential benefits of surface smoothing in injured articular cartilage.
